Introduction
In 1993, the World Health Organization (WHO) declared the tuberculosis (TB) epidemic a global public health emergency. 1 At that time few countries worldwide had well established systems of TB control. 2 Since then substantial efforts to improve TB care and control have been made by means of the DOTS Strategy (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) , comprising five policy elements) 2 and its successor, the Stop TB Strategy. 3 From 1995 to 2006, two indicators were used to monitor progress in TB control at global and national levels: the case detection rate (i.e. the ratio of notified cases to incident cases) and the rate of treatment success among detected cases. Between 1995 and 2009, 49 million TB patients were treated in 127 national DOTS programmes, and 41 million of them were treated successfully. The case detection rate increased from 46% (range: [43] [44] [45] [46] [47] [48] [49] in 1995 to 63% (range: 60-67) in 2009. The rate of treatment success among notified cases of smear-positive TB increased from 57% in 1995 to 86% in 2008. 4 More recently, attention has shifted to measuring progress towards achievement of global targets for reductions in disease burden (Box 1). The global target under the Millennium Development Goals (MDGs) is that TB incidence should be declining by 2015. The Stop TB Partnership has endorsed this MDG target and has also set two additional global targets, namely, to halve TB prevalence and mortality rates by 2015 compared with their level in 1990. 4 Methods for measuring trends in disease burden have been clearly described 5, 6 and recommendations set out in a WHO policy paper. 7 In addition to assessing trends in disease burden, it has become increasingly important to determine the number of lives saved by health-care interventions and the contribution of disease control efforts to the broader goal of improving maternal and child health (MDGs 4 and 5, Box 1). 8 For example, the Global Fund to Fight AIDS, Tuberculosis and Malaria, 9 which has helped to finance the scale-up of TB control in 112 low-and middle-income countries since 2002, uses a performance management framework that links financial investments (about 2 billion United States dollars [US$] for TB control in 2003-2010, including US$ 512 million in 2010) to programmatic outcomes and the population coverage of key interventions, and then to their impact on morbidity and mortality and progress towards MDG targets. 5, 9 In this paper we assess if the global target of halving TB mortality by 2015 compared with 1990 levels can be achieved, and we perform the first global assessment of the lives saved by the DOTS/Stop TB Strategy. We also include estimates of the lives saved among children and women of childbearing age (the focus of MDGs 4 and 5, respectively) and discuss the actions needed to improve the measurement of TB mortality and the impact of TB control.
Methods
Estimates of TB incidence, prevalence and mortality are published annually by WHO using data from national surveillance systems (case notifications and registered deaths) and special studies such as national surveys of the prevalence of disease. 5 The methods used are regularly peer-reviewed and published Abstracts in ‫,عريب‬ 中文, Français, Pусский and Español at the end of each article.
Objective To assess whether the global target of halving tuberculosis (TB) mortality between 1990 and 2015 can be achieved and to conduct the first global assessment of the lives saved by the DOTS/Stop TB Strategy of the World Health Organization (WHO). Methods Mortality from TB since 1990 was estimated for 213 countries using established methods endorsed by WHO. Mortality trends were estimated separately for people with and without human immunodeficiency virus (HIV) infection in accordance with the International classification of diseases. Lives saved by the DOTS/Stop TB Strategy were estimated with respect to the performance of TB control in 1995, the year that DOTS was introduced. in both the scientific literature and in annual reports. 5, 7, 10, 11 The last full update of the methods was completed in 2009 following an 18-month review by an expert group convened by the WHO Global Task Force on TB Impact Measurement. 5 These methods have also been scrutinized by a separate group of experts responsible for updating the estimated global burden of disease. 5, 12, 13 Following the International classification of diseases (ICD), which defines deaths from TB among those who are infected with the human immunodeficiency virus (HIV+) as deaths from acquired immunodeficiency syndrome (AIDS), WHO estimates of TB mortality are reported separately for the HIV-negative (HIV−) and HIV+ populations.
Tuberculosis mortality since 1990
There are two major ways to estimate TB mortality: (i) to use mortality records from vital registration (VR) systems that code causes of death according to the last two revisions of the ICD (underlying cause of death: ICD-10 A15-A19, equivalent to ICD-9: 010-018); 14 and (ii) to estimate TB mortality as the product of TB incidence 5 and the TB case fatality rate (CFR).
In countries where VR systems meet coverage and quality criteria, VR data provide a direct measurement of TB mortality among HIV− people and are thus preferable to indirect estimates derived from TB incidence and CFRs. Data from VR systems are seldom suitable for estimating TB deaths among HIV+ people because, in compliance with ICD coding, TB deaths among HIV+ people are registered as AIDS deaths. Although TB can be recorded as a contributory cause, one third of countries with VR systems do not report contributory causes of death to WHO.
In 2009, 90 countries had well functioning VR systems, defined as: (i) coverage of ≥ 80% of the population, and (ii) < 20% ill-defined causes (ICD-9 code B46, ICD-10 codes R00-R99). 15 These countries (Table 1) included four of the 22 high-burden countries (defined by WHO in 2000 as those accounting for about 80% of the world's estimated TB cases at the time): Brazil, the Philippines, the Russian Federation and South Africa. We used VR data from 89 of these 90 countries to estimate TB mortality among HIV− people. We excluded South Africa because in that country large numbers of HIV-related deaths were miscoded as TB deaths.
14 Among the 89 countries, 602 country-years of VR data on TB mortality (of a total of 1765 country-years) met the above criteria. 5 We assumed that in countries with a VR system the proportion of TB deaths was the same among deaths with no recorded cause as among deaths with a recorded cause. 5 In 2009, 124 countries (2448 country-years) lacked VR data of the necessary coverage and quality for every year since 1990. For these country-years and for the entire HIV+ population, TB mortality was estimated as the product of TB incidence (using time series published by WHO) 5 and the CFR (Box 2). CFRs were estimated for six groups of cases 
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( Table 2 ) according to the findings of recent systematic reviews, cohort data and expert consensus. 5, 10, 11 Using Bayesian models, CFRs for HIV− cases were further refined for this study to obtain the best fit to the TB death rates recorded in VR systems (i.e. the death rates derived for 602 country-years across 89 countries). Details are provided in Box 2.
TB mortality was projected 
Lives saved with the DOTS/Stop TB Strategy
The lives saved through implementation of the DOTS/Stop TB Strategy were calculated as the difference between: (i) actual or projected TB deaths estimated according to the methods described above, and (ii) estimated TB deaths in a counterfactual (without DOTS) scenario in which TB control continued to perform at the levels observed in 1995, the year DOTS was introduced. This performance was defined in terms of the proportion of incident cases detected and notified in 1995, estimated to be 46% (range: 43-50) at best, much less than the 60-67% achieved by 2009 with the DOTS/Stop TB Strategy. 5 There were fewer deaths under the DOTS/Stop TB Strategy because the CFR is lower among notified cases (Table 2) . We conservatively assumed that annual TB incidence rates were the same under both scenarios (i.e. that the DOTS/Stop TB Strategy had no effect on transmission and hence on TB incidence rates).
17

Uncertainty
All estimates allowed for sampling uncertainty in the underlying measurements of TB mortality and incidence and in the prevalence of HIV infection among incident and notified TB cases, as well as for parameter uncertainty in the Bayesian models. Uncertainty bounds were defined as centiles 2.5 and 97.5 of outcome Box 2. Estimates of tuberculosis (TB) incidence and mortality
TB incidence
No country has ever undertaken a nationwide survey of TB incidence because of the large samples and logistic and financial challenges involved. As a result, no direct measurement of the incidence of TB is available. However, routine TB surveillance systems within health systems that have high coverage and good performance can capture all or nearly all incident cases of TB. TB underreporting (i.e. the percentage of diagnosed TB cases that are not notified) can be measured through special studies, 7 but few countries have conducted such studies on a nationally representative scale (examples include Egypt, the United Kingdom of Great Britain and Northern Ireland, the Syrian Arab Republic and Yemen). In the absence of direct measurements of the level of underreporting, plausible ranges are obtained through national consultations in which expert opinion is elicited based on an analysis of all available data according to the so-called "onion model", a framework used by the Global Task Force on TB Impact Measurement of the World Health Organization (WHO) (described in detail elsewhere). 5, 7 Between April 2009 and December 2010, consultations were conducted with 90 countries and incidence estimates were updated. Indirect methods for measuring incidence from the results of national tuberculin surveys are no longer recommended because there is very large uncertainty about the relationship between the annual risk of infection measured in such surveys and the incidence of TB. It was formerly assumed that one smear-positive case infected 10 people per year and remained infectious for an average period of 2 years, such that a 1% annual risk of infection translated into an incidence of smear-positive TB of 50 cases per 100 000 population (under the further assumption that the TB epidemic was in a stable state). These assumptions were based on data from the early or pre-chemotherapy era and no longer hold in settings with modern TB control. 16 It is theoretically possible to derive TB incidence from measurements of TB mortality or TB prevalence. However, quality measurements of TB mortality are generally not available in countries with a high burden of TB (Table 1) . Furthermore, no accurate country-specific data on the duration of disease can be used to derive incidence from prevalence with reasonable confidence. Measurements of illness duration during national surveys of the prevalence of TB disease do not represent the duration distribution throughout the country because survey investigations shorten the national history of disease in previously undetected prevalent cases. In this study we used incidence estimates published by WHO 4 and accounted for the uncertainty in incidence estimates when deriving indirect mortality estimates.
Bayesian model for estimating TB case fatality rates in countries with no vital registration data The prior probability distribution of case fatality rates (CFRs) is the probability distribution representing one's uncertainty about the true value of CFRs before VR data are observed. The posterior distribution is the conditional probability distribution of the value of the CFR that is assigned after VR data are taken into account. Therefore, posterior CFR distributions account for both prior knowledge, formalized in a prior probability distribution of the true value of the CFR, as well as for VR data. We estimated CFRs in a way that yielded the best fit to the VR-recorded TB death rates (within their uncertainty ranges) across the 602 country-years of data from the 89 countries with functioning VR systems, in conjunction with WHO estimates of the distributions of TB incidence in those countries. This statistical fitting used Bayesian linear models defined separately for the following three groups of countries: (i) high-income; (ii) eastern Europe; (iii) all other countries. 5 We fitted the models separately to account for differences among these three groups in the ratio of reported TB mortality to TB case notification rates (data not shown). To fit the models we used Gibbs sampling and assumed that the value of the random error followed a normal distribution with a mean of zero:
where y is TB mortality from VR data, I denotes TB incidence excluding HIV-positive (HIV+) people, N denotes TB notifications excluding HIV+ people, parameters β 1 and β 2 denote the CFRs in non-notified and notified cases, respectively, and indices i, j, k denote country, year and grouping, respectively. Semi-conjugate priors were set with an uninformative inverse gamma prior on the conditional error variance: Table 2 . Convergence of Markov chains was assessed graphically and using convergence diagnostic tests. Within each case category for 1990-2009, mortality estimates were computed by taking the product of posterior distributions of the CFR, assumed to be time-independent (Table 2) , and country-year specific distributions of estimated incidence. 5 Within the same grouping by HIV and notification status, we assumed that CFRs in countries with no VR system were similar to CFRs in countries with functioning VR systems. We also assumed that CFRs specific to each case category were constant over time in the absence of any evidence to the contrary for any category.
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Results
In 2009, an estimated 1.3 million (range: 1.2-1.5) TB deaths occurred among HIV− people. This is equivalent to 20 deaths (range: 17−22) per 100 000 population, or 36% lower than the estimated 30 (range: 25−36) per 100 000 population that occurred in 1990 (Fig. 1) TB mortality rates are falling in all WHO regions (data not shown), but in sub-Saharan Africa they have fallen relatively little since 1990 because of the sharp HIV-related increase in TB incidence in the 1990s. TB incidence and mortality rates in Africa levelled off and began to fall only around 2004.
In the counterfactual scenario (no introduction of DOTS), TB deaths would have increased from 1.5 million in 1995 to 2.0 million in 2009 among HIV− individuals, and from 0.2 million to 0.5 million among HIV+ individuals (Fig. 2) . This means that between 4.1 and 5.7 million lives were saved between 1995 and 2009 among HIV− people (best estimate: 4.8 million, Table 3 
Discussion
This is the first study to assess whether the global target of halving TB mortality by 2015 relative to 1990 can be achieved and to estimate the lives saved by improved TB care and control since 1995. Our findings suggest that the introduction and expansion of the DOTS/Stop TB Strategy, whose application grew from a negligible level in 1995 to over 99% of all notified TB cases by 2009, saved 4.6-6.3 million lives between 1995 and 2009. Around one third of the lives saved were among women of childbearing age SE, standard error. a In Bayesian statistical inference, a probability distribution that expresses one's uncertainty about a quantityp before the data are taken into account. b In Bayesian statistical inference, the conditional probability distribution of a quantityp that is assigned after the data are taken into account. Note: The parameters that determine the prior probability distributions and the choice of their shape (e.g. a normal versus a triangular distribution) were derived from pooled estimates from random-effects modelling of recent literature review results. 5, 10, 11 Sources of data include information from demographic surveillance sites (DSS) and the treatment outcomes reported in DOTS cohorts and published in the annual series of WHO reports on global TB control. 5 Importantly, the TB deaths reported from verbal autopsy in DSS are widely heterogeneous, which limits their value for estimating case fatality rates (CFRs).
14 Cohort data on treatment outcomes are also unsuitable for estimating CFRs because: (i) patients classified as having died on TB treatment may have died from a cause other than TB; (ii) they refer only to patients with an evaluated treatment outcome; and (iii) they cover only deaths that occur during treatment. TB mortality data should ideally come from a national VR system in which records are cross-referenced with patient records from routine case surveillance.
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Lives saved by tuberculosis control Research and children. By 2009 the average annual number of TB-attributable deaths per capita among HIV− people had dropped by 36% compared with 1990; by 2015 it will have fallen by 50% if the recent rate of decline is sustained. Our study has two major limitations. The first is that for most countries, we indirectly estimated trends in TB mortality since 1990 from time series data on TB incidence and CFRs, rather than directly from VR data. This was the best that could be done given that VR data of the necessary coverage and quality were only available for countries that account for 32% of the world's population and 8% of all estimated TB deaths globally, and that VR data generally lack the detail and accurate coding required to estimate TB mortality among HIV+ people. 14, [19] [20] [21] [22] [23] Moreover, although estimates of CFRs and estimates of TB incidence are uncertain, 6 we based our assumptions on recent literature reviews, expert consensus, consultations with 90 countries and reported treatment outcomes in national DOTS cohorts. 5, 10, 11 Second, we may have underestimated the effectiveness of the DOTS/Stop TB Strategy. Given the impossibility of having a control group for assessing the impact of better practices in TB control worldwide, we had to make several assumptions about what would have occurred if DOTS had never been introduced. We assumed the same trends in overall TB incidence and a constant CFR among cases that were not notified in both the actual and counterfactual scenarios (and implicitly assumed that economic growth and improvements in socioeconomic status had had no effect on TB incidence or CFRs in either scenario). However, transmission of TB and TB incidence rates would probably have been higher in the absence of DOTS and the Stop TB Strategy. It is also possible that under the DOTS/Stop TB Strategy the application of good practices to an increasingly large fraction of TB cases had a positive influence on treatment among cases that were not notified. An example of this is the promotion of the International Standards of TB Care in both the public and private sectors as part of the Stop TB Strategy, which may have helped to improve the diagnosis and treatment of TB cases, especially in the private sector. 24 If so, CFRs among cases that were not notified could have improved instead of remaining unchanged. Finally, our projections for 2010 to 2015 did not account for the impact of ART scale-up in reducing deaths among HIV+ TB patients. In 2009, one third of HIV+ TB patients were started on ART. 5 We can directly compare our estimates with the results of only one study: an evaluation of the lives saved by DOTS programmes co-financed by the Global Fund. In that study, the 3. Although the methods differed, these results, equivalent to an average of 0.12 lives saved per DOTS treatment, are consistent with our findings.
In addition to analyses at the global level, several country-specific examples illustrate the impact of good TB control. In Peru, improved TB case-finding and treatment following the introduction of 26 The impact of DOTS on the number of incident or prevalent TB cases has been demonstrated in China, 27 Cuba, 28 southern India 29 and Morocco. 30 Our results show that while TBattributable mortality will be halved by 2015 among HIV− people, it will not be halved among HIV+ people at current rates of decline. To accelerate progress in reducing TB mortality, especially in Africa, where approximately 80% of the world's cases of HIV+ TB patients are found, 5 three interventions need to be expanded: ART for the treatment of HIV+ TB patients;
31,32 TB case-finding among people in HIV care; 33 and isoniazid chemoprophylaxis to prevent TB in people who are HIV+. [34] [35] [36] [37] [38] Elsewhere, expanding the diagnosis and treatment of multidrug-resistant TB (MDR-TB) could accelerate reductions in TB mortality. [39] [40] [41] In 2009, less than 5% of patients with MDR-TB were treated in accordance with international guidelines, and VR data from eastern Europe show that a higher prevalence of MDR-TB is associated with higher mortality (results not shown). In all parts of the world, TB control efforts will be sustained and expanded only if there is sustained and increased financing from domestic as well as international sources.
Maternal mortality and under-5 mortality remain major global challenges. 42, 43 In 2008, deaths in children < 5 years old fell to 8.8 million, representing a 30% reduction from the 12.4 million deaths estimated in 1990. 4 At this rate of decline, the MDG 4 target of a 67% reduction will not be achieved by 2015, especially in sub-Saharan Africa, where under-5 mortality is declining more slowly than in other regions. [43] [44] [45] Nonetheless, improved TB control efforts saved an estimated 0.23-0.28 million lives in children < 15 years of age between 1990 and 2009 and 0.18 to 0.2 million additional lives could be saved by 2015.
We estimate that 1.4-1.7 million TB deaths were averted among women of childbearing age from 1995 to 2009 and that a further 1.5-1.7 million could be averted through TB control efforts between 2010 and 2015. In comparison, a cumulative total of 6.5-9.3 million maternal deaths occurred from 1990 to 2008. Declining TB mortality in women of childbearing age will continue to contribute to MDG 5, even though few low-and middle-income countries are currently on track to achieve the target of reducing the 1990 maternal mortality ratio by 75% by 2015. 
Research
Estimates of mortality trends and of the lives saved by health-care interventions are needed by policy-makers and for advocacy. However, the investment of resources needed to ensure high-quality data is often lacking. If good VR systems with high coverage were available in all countries, or at least in the 22 countries with the highest burden of TB, global trends both overall and among HIV+ and HIV− people could be much more accurately assessed than is currently feasible. Measuring mortality through standardized VR systems and/or through validated interim mortality measurement systems with ICD coding of causes of death must be a priority for global health agencies. 14, 22, [47] [48] [49] Improvements in TB care and control since 1995 have saved millions of lives and brought within reach the global target of halving the 1990 TB mortality rate by 2015. To sustain progress, intensified efforts are needed to plan, finance and implement the full range of interventions recommended in the Stop TB Strategy, including research on new diagnostics, ART for HIV+ TB patients, TB prophylaxis in HIV+ individuals, prompt diagnosis and treatment of cases of MDR-TB, and accelerated research on new diagnostics, vaccines and treatments. 50 In addition, greater investments in national surveillance would make it possible to more accurately monitor progress in reducing TB incidence and mortality rates. ■ Competing interests: None declared. 
Resumen
Vidas salvadas gracias al control de la tuberculosis y perspectivas de alcanzar el objetivo mundial de reducción de la mortalidad por tuberculosis en el 2015
Objetivo Evaluar si puede alcanzarse el objetivo mundial de reducir a la mitad la mortalidad por tuberculosis (TB) entre 1990 y 2015 y realizar la primera valoración mundial sobre las vidas que se han salvado con la estrategia DOTS/Alto a la tuberculosis de la Organización Mundial de la Salud (OMS). Métodos Se calculó la mortalidad por tuberculosis desde el año 1990 en 213 países empleando métodos específicos recomendados por la OMS. Las tendencias de mortalidad se calcularon por separado para las personas infectadas o no por el virus de la inmunodeficiencia humana (VIH) según la clasificación internacional de enfermedades. Las vidas salvadas gracias a la estrategia DOTS/Alto a la tuberculosis fueron calculadas en relación a la ejecución del control para la tuberculosis en 1995, el año en el que se comenzó a aplicar la estrategia DOTS. Conclusión Las mejoras en el tratamiento y control de la tuberculosis desde el año 1995 han reducido en gran medida la mortalidad por tuberculosis, han salvado las vidas de millones de personas y nos han acercado a la consecución del objetivo mundial de reducir a la mitad las muertes por tuberculosis para el año 2015 en comparación con 1990. Es necesario intensificar nuestros esfuerzos para reducir las muertes por tuberculosis entre las personas VIH+, especialmente en el África subsahariana.
